Abstract -Trophic niche breadth and niche overlap of bees were studied in a region of Caatinga (a deciduous dry thorn scrub forest) in Brazil with the lowest mean annual rainfall of the country, highly seasonal environmental variation, and an unpredictable rainy season. A null model approach was used to determine if the observed niche overlap in the community differed from that expected by chance. In general, even bee species with wider trophic niches concentrated foraging efforts on flowers of only a few of the available plant species, with low trophic niche overlap between pairs of species and among all species in the community. A randomization test showed niche overlap among the 10 common species in the guild to be significantly less than expected by chance, suggesting the existence of functional complementarity. The structure of communities defined by high functional complementarity is likely to be more sensitive to variation in available resources (e.g., richness and abundance of floral resources for bees). Ecosystem services provided by such communities may be more greatly affected by environmental changes (anthropogenic activities and climate change) than are services provided by communities with greater functional redundancy. stingless bees / Apoidea / solitary bees / Caatinga / semiarid / niche overlap
INTRODUCTION
Identification of the floral resources used by bees is an important tool to define conservation strategies, to understand the potential effects of the loss of populations of pollinators, and for the maintenance of ecosystem services associated with pollination. The geographical distributions of bee species are usually large, whereas the availability of data on their foraging requirements throughout their range often is limited. As a consequence, more locations and vegetation types must be sampled to fully characterize the niche spaces and resource requirements of pollinators to better inform the conservation of these functionally important species.
Knowledge about bee-plant interactions in semiarid regions of Brazil has increased over the past two decades. Even though the Caatinga is considered one of the most important phytogeographic complexes in South America, information on its floral resources used by bees remains scant with available data limited to A few sites (Aguiar et al. 1995 Aguiar 2003; Lorenzon et al. 2003; Dórea et al. 2010a, b) .
Quantitative studies that assess the trophic niches of bees within the context of the entire guilds of flower visitors in Brazilian semiarid regions are scarce (e.g., Aguiar 2003; Aguiar and Santos 2007) . In contrast, such studies have been conducted in rainforests (Wilms et al. 1996; Wilms and Wiechers 1997) , in sandstone outcrop vegetation (Franco et al. 2009 ), and in the Brazilian savanna (0 Cerrado; Martins 1995; Nogueira-Ferreira and Augusto 2007) . The small sample sizes for bee populations collected from flowers, particularly for solitary bee species, is one of the primary constraints to ecological studies of this group. Overcoming this constraint has been a challenge for studies that endeavor to use rigorous quantitative approaches to elucidate aspects of niche ecology, such as diet breadth and niche overlap among species, which facilitate co-existence in highly diverse native bee communities.
Network analyses revealed that plant-pollinator interactions can display a relatively high degree of complementary specialization at the community scale (Blüthgen and Klein 2011) . However, the empirical evidence for complementarity remains scarce. Comparative studies are needed on the effects of functional specialization and complementarity on ecosystems. For example, the way in which such community traits affect biodiversity or the functional relationships of plant-pollinator interactions is poorly understood. Moreover, the effects of habitat loss or fragmentation on niche breadth and overlap are important ecological and conservation issues that require more detailed autecological knowledge to inform conservation policy and management decisions (Bommarco et al. 2010) . Generalist species may use several food resources and have a higher probability of meeting their resource needs in a larger number of habitat fragments than do specialists (Quinn et al. 1998; Swihart et al. 2003) . In contrast, more specialized species are more reliant of the presence of a particular food resource and typically may satisfy their requirements in only a small subset of habitat fragments (Quinn et al. 1998) .
In this work, we studied the trophic niche breadth and trophic niche overlap of bees that utilize floral resources in a semiarid region covered with hyperxerophilous Caatinga vegetation. This is a highly seasonal environment in which the flowering of many plants is restricted to the wettest periods of the year, resulting in lower availability of floral resources for bees during the dry season (Aguiar et al. 1995) . We expected a wider trophic niches and greater niche overlap among bee species with longer periods of activity including much of the dry season, such as social species and solitary species with several generations per year, compared to those with shorter seasons of activity. We used niche overlap measuring techniques and a null model approach to determine if observed levels of community-wide trophic niche overlap differed from those expected by chance.
MATERIALS AND METHODS

Study site
The study area is located at the São João do Cariri Experimental Station (EESJC), in São João do Cariri (7°2 5′S, 36°30′W), Paraíba State, Brazil. The local vegetation in the Cariris Velhos region is an open shrub Caatinga that is dominated by species of Caesalpinia and Aspidosperma (Andrade-Lima 1981). Climate is hot and semiarid, with summer rains (Bsh, Köppen climate classification). Mean annual rainfall is the lowest of the country (387 mm/year), the rainy season is highly unpredictable and the dry season may last up to 10 months (Núcleo de Meteorologia Aplicada 1987) .
The year when sampling was conducted was drier than average for the region. During the first 6 months (July to December 1993) samples were collected under drought conditions. Rainfall was more abundant during the second half of the sampling (January to June 1994). Temperature and rainfall data were obtained at the EESJC climatological station.
Sampling
Flower-visiting bees were captured by two collectors who continuously walked a 3 km trail from 0800 to 1600 hours. The entire sampling trail occurred in typical open shrub Caatinga habitat; therefore, we assumed that all species of flower-visiting bees were capable of locating and exploiting floral resources on which they typically forage along any portion of the sampling trail. Spatial variation in plant occurrence was not measured and was assumed to not affect patterns of trophic niche breadth or overlap. Samples were collected for 1 year (July 1993 -June 1994 , bimonthly, with a total of 24 samples collected during 384 h of sampling effort. All bees observed visiting flowers were captured using an entomological net (method by Sakagami et al. 1967 
Data analysis
Niche breadth was calculated using the Shannon (1948) index (H′0−Σp k ×ln p k ) and trophic niche overlap between pairs of species was calculated by the Schoener index (NO ih 01−½ Σk|p ik −p hk |; Schoener 1968) . The distribution of bee visits to plants was assessed for each pair of bee species using the Kolmogorov-Smirnov test for two independent samples (Siegel 1956 ). To minimize the effect of low abundance on the analyses, trophic niche breadth and niche overlap were calculated only for the 10 bee species represented by 10 or more individuals in the total sample. Amount of trophic overlap among the 10 common species of bees was estimated by the Pianka (1973) and Czechanowski (Feinsinger et al. 1981) indices.
We used a null model approach to compare observed niche overlap to a null distribution of overlap values calculated from randomly generated niche distributions. The null model utilized was the Rosario algorithm (Castro-Arellano et al. 2010) , whose performance was previously tested by Presley et al. (2009) and Santos and Presley (2010) . The Rosario algorithm preserves the structure of each species' distribution of resource use (e.g., temporal activity pattern, relative frequency of plants visited), thus limiting the randomly generated distributions to be biologically realistic (Presley et al. 2009 ). In each iteration, Rosario randomly shifts the entire distribution of occurrences (the visits) of each bee species and calculates the amount of overlap in the randomly generated data. The randomization was repeated 10,000 times to create a null distribution of overlap values for each index (Pianka and Czechanowski) ; these were compared with the empirical values of the corresponding index to determine significance. As a consequence, the analysis was able to detect either coincidence of occurrences (visits) of bees on plants (i.e., if the observed overlap of the trophic niche was greater than that expected by chance) or segregation in occurrences of bee species on plants (i.e., a lower observed overlap than that expected by chance). This analysis was conducted using the program TimeOverlap (Castro-Arellano et al. 2010) available at http:// h yd ro d i c t y on . e eb . u co n n. e d u/ pe o pl e/ w i l l i g / Research/activity%20pattern.html.
RESULTS
Forty-one species of bees were recorded visiting the flowers of 51 plant species at the São João do Cariri Experimental Station. More than 10 individuals were recorded for 10 species of bee, which were used for the trophic niche analysis. The number of plants (S pl ) visited by each bee species ranged from 2 to 22, and niche breadth (H′) varied between 0.15 and 2.25 (Table I ). The species with the narrowest trophic niches were Ceblurgus longipalpis Urban & Moure, Megachile (Pseudocentron) sp. 5, and Melitomella grisescens (Ducke), whereas Dialictus opacus (Moure), Trigona spinipes (Fabricius), and Frieseomelitta doederleini (Friese) were the species with the widest trophic niches (Table I) .
Niche overlap (NO) between pairs of species varied between 0 and 52 %, and in most cases (40 of the 45 pairs analyzed) was less than or equal to 20 % (Table I) . Trophic niche overlap was not significantly different in 1/3 of the cases, and was significantly different in 2/3 of the cases (Table II) . No pairs of species exhibited significantly similar trophic niches. Three species (M. grisescens, T. spinipes, and F. doederleini) exhibited highly unique trophic niches that were significantly different from every other species of bee in the community (Table II) . D. opacus had the highest trophic overlap with other bees, particularly with Augochlora cf. thalia Smith (NO052 %) and Sarocolletes sp. (NO043 %), despite having low overlap with other species (5-14 %). Overlap between the two species of stingless bees (T. spinipes and F. doederleini) was low (NO018 %). The distributions of visits of T.
spinipes and F. doederleini on plant species were significantly different (Table II) indicating segregation of trophic niches. The frequencies of occurrence of these bees on the visited plants (Table III) suggest that the levels of importance of each plant was species-specific, 
doederleini).
The overlap between stingless bees and other bee species was low (NO02-16 %), except for the pair F. doederleini/Megachile sp. 5. The high niche overlap index for these two species (NO046 %) was due to the shared utilization of only two plant species with only P. pyramidalis being important for both. Nonetheless, a significant difference existed between the distributions of plant visits of these species (Table II) . This finding combined with the analysis of frequency of the visits (Table III) reinforces that high trophic niche overlap between these two species is associated with shared use of P. pyramidalis.
C. longipalpis had a narrow trophic niche, with 97 % of its individuals captured on Cordia leucocephala Moric. flowers and few visits to two other plant species. The trophic niche of this species was highly distinct from those of other bees, with 0-9 % overlap with all species except A. thalia. Niche overlap between C. longipalpis and A. thalia (NO039 %) was among the highest for any pair of species; nonetheless, a comparison of the distribution of the visits of C. longipalpis and A. thalia (Table II) revealed a significant difference between the species. These results in combination with analysis of frequency of the visits (Table III) , reinforces the fact that niche overlap for this pair of species was strongly influenced by sharing the resources of one plant, C. leucocephala.
Sarocolletes sp. (Colletidae) had a low overlap (NO00-2 %) with most bees, but higher niche overlap with A. thalia (NO035 %) and D. opacus (NO043 %). The distributions of the visits by Sarocolletes sp. and A. thalia or Sarocolletes sp. and D. opacus were not significantly different (P>0.05; Table II) . Nevertheless, the frequency of visits (Table III) of these species to plants suggests that niche overlap was affected by the common use of Sida galheirensis Ulbr., the most visited plant by Sarocolletes sp. in the area. Trophic overlap among the 10 common species of bees was low (Pianka00.038, Czechanowski0 0.0034), and significantly less than expected by chance (P<<0.001) for each index.
DISCUSSION
Breadth of trophic niches
The bee species with the widest trophic niches in the Caatinga of São João do Cariri were D. opacus and T. spinipes. Both, and particularly the latter, are known to be extreme generalists that use many plant species as pollen sources, with little relationship between plant phylogeny and resource use (Cortopassi-Laurino and Ramalho 1988; Aguiar 2003; Nogueira-Ferreira and Augusto 2007), and thus considered to be broadly polylectic (sensu Cane and Sipes 2006) . Bees with wide trophic niches (D. opacus, T. spinipes, and Augochlora cf. thalia) visited >20 plant species, but concentrated their collection of floral resources on two to four of those plant species. The stingless F. doederleini also exhibited a wide trophic niche with 40 % of foragers on one plant species (P. pyramidalis) and the remaining individuals dispersed among 13 other plant species. It is expected that social species such as T. spinipes, F. doederleini, Dialictus spp., and Augochlora spp. (Brady et al. 2006; Michener 2007) should have wide trophic niches and be broadly polylectic because they require a high diversity of floral resources for long-term provision of their colonies (Michener 2007) . In a study performed nearby (approximately 50 km), high trophic niche overlap based only on occurrence data was observed between congeneric stingless bees . That study also noted high use of P. pyramidalis (cited as Caesalpinia pyramidalis Tul.) by eusocial species.
The species with the narrowest niches were C. longipalpis (H′ 00.15), Megachile (Pseudocentron) sp. 5 (H′ 00.39), and M. grisescens (H′00.79). The food specialization of C. longipalpis on floral resources of C. leucocephala (Boraginaceae) had been previously reported by Aguiar and Martins (1994) . A recent study (Milet-Pinheiro and Schlindwein 2010) revealed one-to-one reproductive interdependence for members of this bee-plant interaction. C. longipalpis evolved prolonged mouthparts that are rare for short-tongued bees and that enable them to access pollen from C. leucocephala flowers with short-level anthers as well as the nectar at the base of the flower tube (Milet-Pinheiro and Schlindwein 2010). Our data suggests that M. grisescens was highly food specific (Table III) . A preferred association between Melitomella spp. and species of Convolvulaceae, mainly Ipomoea spp., has been reported previously (Linsley et al. 1980; Schlindwein 2004) . Visits of M. grisescens to the flowers of plants belonging to three other botanical families in our study may be due to foraging specifically for nectar, at least in P. pyramidalis (Leite and Machado 2009) and Diodia apiculata K.Schum. (unpublished data).
Almost all individuals of Megachile sp. 5 were collected from P. pyramidalis; however, this observed narrow trophic niche likely does not represent food specialization. The sample size for this bee was relatively small (n015) and most of the individuals were collected from a single nectar-producing plant (P. pyramidalis; Leite and Machado 2009), which can be highly attractive to a large number of bee species in the community (Aguiar et al. 1995) . The niche breadth (H′00.98) of Sarocolletes sp. is not among the most narrow, but the distribution of individuals among four plant species shows a narrow relationship between this bee and species of Malvaceae (especially S. galheirensis), a common pattern for bees of this genus (Schlindwein 1998 (Schlindwein , 2004 Aguiar 2003; Zanella and Martins 2003) .
Trophic niche overlap between pairs of species
Approximately 90 % of the pairs of species exhibited low niche overlap (≤20 %), similar to observations from the Atlantic Forest (Wilms et al. 1996) and in a different area of Caatinga (Aguiar 2003) . Low niche overlap is expected between pairs of species where at least one species has a more specialized diet, such as C. longipalpis and M. grisescens. The only overlap value above 20 % for C. longipalpis occurred with a generalist (A. thalia), and was related to common use of C. leucocephala, the preferred resource for C. longipalpis. The very low niche overlap between Sarocolletes sp. and other bees reflects its food specialization, with the only exceptions being the overlap values between it and two generalists (A. thalia, NO00.35; D. opacus, NO00.43) that use the resource on which Sarocolletes sp. specializes (S. galheirensis). Nonetheless, small sample size for Sarocolletes sp. (12 individuals distributed in four plant species) may have poorly characterized its trophic niche, leading to unreliable overlap Bee species code according to Table I Trophic niche breadth and niche overlap in dry forest estimates with the more common generalist species A. thalia and D. opacus.
In our study, we observed that the structure of the bee guild utilizing floral resources in the Caatinga can be affected by the level of flowerfeeding specialization of bees as well as by fluctuations in flower abundance of food resources used by bees (e.g., P. pyramidalis is highly abundant in the area and is exploited by different bee species throughout the year). These two aspects affect both the trophic niche breadth and the niche overlap between species of generalists, and between generalists and specialists.
Trophic niche overlap among the 10 common species of bees
Analyses that simultaneously evaluated trophic niche overlap of 10 common species in the guild provided additional evidence that overlap among bee species generally is low and significantly less than expected by chance. A similar low overlap among the most common bee species in a flower-visiting guild was found in a different area of Caatinga (Aguiar and Santos 2007) . By using the Petraits (1979) index, they found only 28 % of niche overlap among 10 bee species, as opposed to that observed among the seven most common species of social wasps occurring in the same area, whose overlap was much higher (58 %). Low trophic niche overlap for flower-visiting species in Caatinga suggests that functional complementarity may be common in this biome.
. . Specialization and functional complementarity
If species differ in their contribution to ecosystem function or services provided (functional complementarity), several species are required to maintain a high level of functional performance in the ecosystem (Blüthgen and Klein 2011) . From the viewpoint of bee requirements, several species of plants are required to supply a bee population because different plant species may provide different kinds of food resources (pollen, nectar, and oils) that are important for adult and larva survival; thus, plant species are engaged in "resource complementarity" (Blüthgen and Klein 2011) . In addition, such resources may be available at different times of year with the plants that provide resources for bee populations with longer activity seasons (such as T. spinipes, F. doederleini, and D. opacus) being engaged in "phenological complementarity" (Blüthgen and Klein 2011) . For a more precise characterization of resource complementarity of different plant species, more complete observations are needed to determine the kinds of floral resources made available by each plant for flower-visiting bees. Nevertheless, the roles of P. pyramidalis and D. apiculata (nectar sources), and of pollen providers are well established as examples of resource complementarity for several species of flower-visiting bees in this community. Food source specialization and functional complementarity of the floral visitors are related, considering that complementarity requires a certain degree of specialization of each bee species. Complementarity means that species are functionally different, which requires relatively narrow niches. Alternatively, a high degree of generalization is associated with high niche overlap and functional redundancy (Blüthgen and Klein 2011) . In our study, we observed low niche overlap, differential use of resources, and specialization on certain plant species by some floral visitors. These results suggest that functional complementarity, a consequence of niche differentiation by flower-visiting bees, is common and pervasive in bee-plant interactions in the Caatinga, playing a key role in species coexistence and in maintaining taxonomic and functional diversity among bees. It is not clear if the observations on niche breadth and complementarity of bees in the Caatinga are applicable to more mesic adjacent biomes where the bee faunas are characterized by several eusocial species with high abundance (e.g., Menezes-Pedro and Camargo 1991; Wilms et al. 1996; Wilms and Wiechers 1997) , which may partition niche space differently.
The low trophic niche overlap and the variations in frequency of visits by different bee species on several plant species reveal distinct diets of populations and complementarity in the use of the available floral resources in the environment. Such segregation in trophic niches may have resulted from a combination of factors such as the existence of several levels of preference/fidelity of the bee species for specific plants, temporal and spatial fluctuations in resource abundance, duration of the blooming period, length of the adult bee activity period, and differences in the communication capacity about food resources among different bee species. 
